The solar eruption on 2012 January 27 resulted in a wide-spread solar energetic particle (SEP) event observed by STEREO A and the near-Earth spacecraft (separated by 108
Introduction
A straightforward interpretation for a gradual solar energetic particle (SEP) event observed simultaneously by spacecraft at different locations in the heliosphere is the wide extent of a coronal mass ejection (CME)-driven shock in the corona or interplanetary (IP) medium (e.g., Cliver et al. 1995; Heras et al. 1995; Reames 1999 Reames , 2013 . The particles are accelerated at the shock and then injected onto the magnetic field lines connecting the observers in the heliosphere (e.g., Cliver et al. 2004; Zank et al. 2007; Kozarev et al. 2015) .
Cross-field diffusion processes have also been suggested to account for the particle transport over a wide longitudinal range from a narrow particle source region (e.g., Wang et al. 2012; Lario et al. 2017b) . Studies based on the joint observations from the Solar-TErrestrial RElations Observatory (STEREO; Kaiser et al. 2008 ) and near-Earth spacecraft such as the Advanced Composition Explorer (ACE ; Stone et al. 1998 ) and the Solar and Heliospheric Observatory (SOHO; Domingo et al. 1995) , have been carried out for the longitudinal distribution and the release mechanism of energetic particles (e.g., Rouillard et al. 2012; Prise et al. 2014; Richardson et al. 2014; Gómez-Herrero et al. 2015; Kouloumvakos et al. 2015; Kozarev & Schwadron 2016; Rouillard et al. 2016; Zhu et al. 2016; Lario et al. 2013 Lario et al. , 2014 Lario et al. , 2016 Lario et al. , 2017b Kwon & Vourlidas 2017) . In addition, the remote-sensing observations from the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012 ) on board the Solar Dynamics Observatory (SDO; Pesnell et al. 2012 ) with high cadence and from the Sun-Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al. 2008 ) instruments on board STEREO offer an unprecedented opportunity to investigate the EUV wave and shock evolution and the connectivity between the observers and the coronal disturbances.
The properties of the CME-driven shock and accompanied physical phenomena are used to study the mechanisms of particle acceleration and release and hence explain the -4 -wide distribution of SEP events. EUV waves, which propagate in the solar corona and can be detected in EUV images, are considered as one of the candidates to be responsible for the particle release in the SEP events. Rouillard et al. (2012) examine the SEP event on 2011 March 21 and conclude that the arrival times of the EUV wave at the magnetic footpoints of the spacecraft coincide with the particle release times. Park et al. (2013) suggest that the EUV wave traces the release site of SEPs accelerated by the CME-driven shock in a study of 12 SEP events. Statistical work by Miteva et al. (2014) with 179 SEP events show that a large majority of SEP events are associated with EUV waves. They get a connectivity between the extrapolated arrival times of the EUV wave at the magnetic footpoint of Earth and the particle onsets for 26 eastern SEP events.
The other candidate to explain the release of particles is the expansion of the shock in the outer corona. It is suggested that the particle release times are associated with the times when the shock establishes contact with the magnetic field lines connecting the spacecraft, rather than the arrival times of the EUV wave at the magnetic footpoints of the spacecraft. Prise et al. (2014) and Gómez-Herrero et al. (2015) study the SEP event on 2011 November 3 with different methods. They conclude that the EUV wave is too slow to explain the particle release, the expansion of the CME-driven shock at higher altitudes is consistent with the release times of particles at different spacecraft. Kwon et al. (2014) develop a geometrical model to determine the three-dimensional (3D) structure of the shock using the EUV and white-light (WL) observations from multipoint spacecraft. Lario et al. (2016) apply the geometrical model to fit the structure of the shock and indicate that the particles are released when the portion of the shock magnetically connected to each spacecraft is at a relatively high altitude. Other physical mechanisms may also play a role in the particle release and the wide longitudinal extent of an SEP event. Kouloumvakos et al. (2016) discuss the role of the cross-field diffusion for the particle transport by tracking the EUV wave and modeling the shock on 2012 March 7.
-5 -In this paper, we study the release of energetic particles using coordinated imaging and in situ observations from STEREO and the near-Earth spacecraft. The roles of the associated EUV wave and shock during the release of particles are still under debate. It is necessary to investigate this problem using combined imaging and in situ data. We focus on the 2012 January 27 solar eruption that originated from NOAA AR 11402 (N29
• W86 • ).
It was associated with an X1.7 flare starting at 17:37 UT and peaking at 18:37 UT.
It produced an intense SEP event accompanied by a wide expanded EUV wave, halo CME and CME-driven shock. The CME speed was about 2508 km s −1 estimated in the SOHO/LASCO CME catalog (https://cdaw.gsfc.nasa.gov/CME_list/). The center panel of Figure 1 shows the longitude of the active region (red arrow) and the positions of STEREO A, B and Earth during this event. STEREO A was located at 22
• west of the active region, STEREO B was located at the opposite side of the Sun, and Earth was 86
• east with respect to the active region. These widely separated spacecraft offer EUV and WL observations for the associated EUV wave, CME and shock from three vantage points. The active region was imaged by STEREO A on the solar disk, while the near-Earth spacecraft were in a good position to offer lateral imaging observations and measure the energetic particles (see Figure 1) . This configuration provides a good opportunity to track the evolution of the EUV wave in the corona and the shock at higher altitudes as well as to determine their connection with the particle release. In Section 2, we describe the observations and perform the analysis. The results are summarized and discussed in Section 3.
-6 - . Some of these instruments do not allow distinction between protons and ion species, therefore we will assume that most of the intensities plotted in Figure 2 are constituted by the most abundant protons and use interchangeably the term proton or particle in the following discussions.
The particle intensity-time profiles during the SEP event could provide information on the source of energetic particles and the features of the shock (e.g., Reames et al. 1996; Dresing et al. 2012) . The proton intensity profiles at GOES show a classic behavior of a western event as discussed by Cane (1988) and Reames (1999) . Because of the active region -7 -being over the west limb as viewed from the near-Earth spacecraft, proton intensities of all energy channels at GOES rose and peaked quickly after the onset by around two orders of magnitude increase relative to the pre-event intensities. Particle intensity at >100 MeV energies lasted for about 2 days above the pre-event intensity and decreased to the pre-event intensity level before the arrival of the shock. The near-Earth spacecraft may be connected to the portion of the coronal shock with enough efficiency to accelerate particles to high energies directly after the solar eruption on January 27. Particle intensity at >10 MeV energies showed a much longer decay even after the arrival of the shock (about 16:00 UT on January 30). An interplanetary CME (ICME) interval was observed between 3:50 UT on January 31 and 23:50 UT on February 1 (gray shadow region in Figure 2 ). A shock wave is indicated by sharp increases in the proton density, speed, temperature and magnetic field strength. Signatures used to identify ICME from solar wind measurements mainly include depressed proton temperature, an enhanced helium/proton density ratio and smooth field rotation. Note that the >10 MeV protons exhibited high intensity before the solar eruption.
The <1 MeV particle intensities at ACE rose slowly and peaked at the shock passage. It indicates that the low energy particles were accelerated by the shock continuously.
As shown in the right panel of Figure 2 , STEREO A observed a shock at about 13:13 UT on January 29, which was followed by an ICME between 7:20 UT on January 30 and 12:10 UT on February 2. Significant increases of energetic particle intensities were observed by STEREO A/HET after the onset of the January 27 eruption. Particle intensities of all energy channels observed by STEREO A peaked around the shock passage with two orders of magnitude increase relative to the pre-event intensity levels. Note that the pre-event particle intensities at STEREO A were influenced by a prior event generated by a solar eruption on January 23 from the same active region NOAA 11402 at N29
• W20
• (Liu et al. 2013 ). The SEP event associated with the January 23 eruption was observed by STEREO A, B and the near-Earth spacecraft and lasted until the onset of the January 27 solar event.
-8 -STEREO B registered a weak shock on January 30 and observed slight increases of the energetic particle intensities about 12 hours after the shock arrival. The portion of a shock without a persistent driver (i.e., CME) would decay quickly as it expands in the IP medium (Liu et al. 2009 (Liu et al. , 2017 Kwon & Vourlidas 2017) . As the January 27 eruption is a backsided event for STEREO B (see Figure 1 ), the shock would not be able to reach STEREO B. The imaging observations from SOHO show that there was an eastward CME on January 26, which had a plane-of-sky speed of 431 km s −1 and was first seen at 19:36 UT in LASCO C2
(as listed in the SOHO/LASCO CME catalog). It was likely related to the shock and the increases of the energetic particle intensities observed by STEREO B . Consequently, only the near-Earth spacecraft and STEREO A observed the high-energy particles associated with the January 27 eruption.
Calculation of Particle Release Times
We apply two methods to determine the release times of the first arriving particles observed at L1 and STEREO A, the velocity dispersion analysis (VDA; e.g., HuttunenHeikinmaa et al. 2005; Vainio et al. 2013; Kouloumvakos et al. 2015) and the time shifting analysis (TSA; e.g., Vainio et al. 2013; Kouloumvakos et al. 2016; Lario et al. 2017b ). The VDA is a typical method to determine the particle release time and the apparent path length, whose performance has been evaluated in several studies (e.g., Lintunen & Vainio 2004; Sáiz et al. 2005; Rouillard et al. 2012; Vainio et al. 2013; Zhu et al. 2016) . The TSA method uses the onset time of the available highest energy channel of the particles and assumes that the first arriving particles observed by the spacecraft propagate scatter-freely along the nominal Parker spiral field lines. The detail of the TSA algorithm has been discussed in Vainio et al. (2013) . A Poisson-CUSUM method (Huttunen-Heikinmaa et al. 2005 ) is used to determine the onset times of particles at different energies. Note that -9 -the particle onset time identified by the Poisson-CUSUM method is sensitive to the mean value of the pre-event intensity. Here we choose different values of the pre-event particle intensities for different energy channels in order to obtain relatively accurate onset times.
We display the result from the VDA method applied to the onset times of 1-minute resolution proton data from SOHO/ERNE in Figure 3 For STEREO A, the pre-event intensities are 1∼2 orders of magnitude higher than the quiet period levels, except for the highest energy channel from 60.0 to 100.0 MeV.
The particle increases at the beginning of the SEP event are not obvious in several energy channels compared with the pre-event intensities. Therefore, the VDA method could not be used to determine the release time of the particles at STEREO A. We use the particle onset time of the highest energy channel (60-100 MeV) observed by STEREO A in the TSA method, and obtain a release time of 20:08 UT ± 5 minutes (8 minutes have been added) assuming a nominal length of the Parker spiral magnetic field line of 1.14 ± 0.01 au.
Using the results of 115 SEP events (we reject the SEP events whose particle release times between the VDA and TSA methods are beyond 2 hours) given by Vainio et al. (2013) , we evaluate the mean delay between the VDA and TSA methods which is about 32 minutes.
-10 -Considering the effect of the prior event and the delay of the TSA result, we suggest a lower limit of 19:36 UT ± 5 minutes (i.e., subtract 32 minutes from the TSA result) for the release time of the particles observed at STEREO A. It is much later than the release time of the particles at L1-observers (18:25 UT ± 4 minutes). The delay of the particle release time of STEREO A may result from the fact that the magnetic connectivity between L1-observers and the portion of the shock with enough particle acceleration efficiency was established earlier. footpoint and the active region on the Sun (Lario et al. 2014) . Note that the Parker spiral line method does not consider the complex magnetic configuration below 2.5 R from the Sun. In contrast, the PFSS method tracks the magnetic field line from 2.5 R to the solar surface using the result of extrapolated field lines, which is based on the observed photospheric magnetic fields. We apply the result estimated by the PFSS method to the analysis of the propagation of the EUV wave in the corona. 
Magnetic Connectivity to the Sun

EUV Wave Observations
Shock Observations and Modeling
We determine the 3D structure of the shock by applying the geometrical ellipsoid model developed by Kwon et al. (2014) to EUV and WL images from SDO, SOHO and STEREO.
The signature of the CME-driven shock in WL observations can be identified with a faint but relatively sharp brightness enhancement around the CME leading edge (e.g., Vourlidas et al. 2003; Liu et al. 2008; Ontiveros & Vourlidas 2009 ). The EUV wave is thought to track the lateral expansion of the coronal shock initially driven by the CME and propagate freely in the lower corona as the shock expands to higher altitude (e.g., Patsourakos et al.
2009
; Kwon et al. 2014; Miteva et al. 2014; Kwon & Vourlidas 2017) . Figure 7 shows the geometrical fitting of the shock overplotted onto the running difference images by combing EUV and WL observations from three vantage points. Seven free parameters are used in the geometrical ellipsoid model: the height, longitude, and latitude of the center of the ellipsoid, the lengths of the three semi-principal axes, and the rotation angle of the ellipsoid . We adjust the free parameters and obtain a visually satisfied fit to match the images from all viewpoints simultaneously.
As shown in Figure 7 , the footprint of the ellipsoid model in the solar surface coincides with the EUV wave front (see the top panel of SDO and STEREO A). The shock front is well represented by the ellipsoid model, expect for the portion along the westward direction of the Sun (as viewed from STEREO B ). Note that the geometrical ellipsoid fitting is an idealized approximation for the shock. The actual CME and shock could have complex -14 -shapes as they propagate and expand away from the Sun. Nevertheless, the shock modeling provides key information for the connectivity between the shock and the spacecraft through magnetic field lines. We start the shock fitting at 18:15 UT and obtain a number of fitting results until 20:06 UT. The fitting becomes difficult as the signature of the shock becomes diffuse in the coronagraph images later. Figure 8 shows the radial distance and the speed of the shock nose. The speed of the shock nose was first accelerated to ∼3300 km s −1 at around 18:40 UT, when the shock nose reached a heliocentric height of ∼6 R . The average speed is about 2300 km s −1 , comparable to the CME speed of about 2508 km s −1 in the LASCO CME catalog. The speed showed a deceleration till ∼18:55 UT. The directional axis of the fitted shock turned from N29
• W79
• at ∼18:15 UT to N23
• W55
• at ∼19:24 UT, and kept this direction as the shock propagated outward from the Sun at least until 20:06
UT.
We present the contact between the fitted shock and the magnetic field lines connecting L1-observers and STEREO A from different views in Figure 9 . The point of intersection between the shock front and the field line connecting to a given observer has been named "cobpoint" (i.e., Connecting with the OBserver point; Heras et al. 1995) . (Lario et al. 2016 (Lario et al. , 2017b . Note that the portion of the shock along the westward direction as seen from STEREO B (left panel of Figure 7) is not fitted well. The magnetic contact between the fitted shock and STEREO B could not indicate the actual -15 -situation. So we just discuss the magnetic contact of L1-observers and STEREO A here.
The height of the cobpoint and the orientation of the magnetic field with respect to the normal to the shock surface (θ Bn ) could be identified from the geometrical fitting of the shock. Furthermore, it allows us to evaluate the Mach number of the shock at the cobpoints when the particles were released. We compute the shock speed (V s ) using the three-point Lagrangian interpolation to fit the heights of the discrete cobpoints with time along the normal direction of the shock. The fast mode speed is defined as:
where V A is the Alfvén speed (V A = B/ √ 4πρ), C s is the sound speed of ∼180 km s −1 for a coronal temperature of 1.4 MK. In particular, the magnetic field strength (B) and the mass density (ρ) are derived by the empirical models from Mann et al. (1999) and Leblanc et al. (1998) , respectively. Compared with the coronal density models from Newkirk (1961) and Saito et al. (1977) , the Leblanc et al. (1998) model provides a lower electron density.
Here we give a crude lower limit of the shock Mach number, i.e., M FM = V s /V FM , for the cobpoints at the particle release times.
As shown in the left panel of Figure 9 , the magnetic field line of L1-observers first connected to the flank of the shock when the particles at L1-observers were released (18:25 UT ± 4 minutes). It means that the particles observed at L1 were released as L1-observers became connected with the coronal shock via the magnetic filed line. The fitting result gives a cobpoint height of 2.4±0.5 R from the heliocenter, where the shock is oblique (θ Bn
∼51±5
• ) and the estimated M FM is ∼1.5±0.5 at the particle release time of L1-observers.
The uncertainties of these parameters correspond to their changes during the time interval
given by the error of the particle release time. STEREO A was first connected to the backside of the shock at ∼18:46 UT. This is earlier than the estimated release time of the particles observed at STEREO A. The Mach number for the initial contact of STEREO A -16 -is generally below 1. The cobpoint of STEREO A is at a heliocentric height of 8.2±0.7 R , where θ Bn is 33±1
• and the M FM is ∼1.7±0.2 at the lower limit of the particle release time of STEREO A (19:36 UT ± 5 minutes). Subsequently, a heliocentric height of ∼11.3 R , θ Bn of ∼31
• and M FM of ∼1.5 are derived for the cobpoint of STEREO A at the particle release time based on the TSA method (20:08 UT). A possible explanation for the delay of the particle release at STEREO A is that at the initial contact the part connected to STEREO A was not really a shock, but perhaps just a wave expanding backward toward the Sun (Liu et al. 2017 ). Particles could be released when STEREO A was connected to the portion of the shock with enough particle acceleration efficiency. The Mach number is often used as a key parameter to evaluate the particle acceleration efficiency of the shock.
It reached a modest value of ∼1.5 at the cobpoints of both L1-observers and STEREO A when the particles were released. Additionally, we should keep in mind that the magnetic field lines in Figure 9 are an approximate estimate obtained from the solar wind speed and the magnetic configuration before the solar eruption. The actual field configuration could be complicated as the shock expanded away from the Sun. Similarly, the empirical models used to estimate the Alfvén speed and sound speed in Equation (1) are approximations that may not be representative of the state of the actual corona when this event occurred.
DISCUSSION AND CONCLUSIONS
The solar eruption on 2012 January 27 was associated with an X1.7 flare, EUV wave, CME-driven shock and wide-spread SEP event. Combining multipoint remote sensing and in situ observations, we have estimated the release times of the particles observed by the spacecraft and the locations of the magnetic footpoints of the spacecraft, tracked the evolution of the EUV wave along the directions from the active region to the magnetic footpoints of the spacecraft, modeled the shock and identified the magnetic connectivities -17 -between the shock and the spacecraft at the estimated particle release times. The results are summarized and discussed as follows.
Near-Earth spacecraft and STEREO A observed the shock in situ and the SEP event associated with the January 27 solar event, which is a backsided event for STEREO B .
The high-energy particle intensities at both L1-observers and STEREO A exhibited almost immediate onsets, obvious increases and long durations above the pre-event intensity levels. The particle intensities at GOES peaked quickly after the onset and those at STEREO A peaked around the shock passage with two orders of magnitude higher than the pre-event intensity levels. Slight enhancements of energetic particle intensities at STEREO B were associated with another unrelated solar event. The release time of the particles at L1-observers determined with the VDA method corresponded to the time when the magnetic field line of L1-observers initially connected to the shock. We suggest that the L1-observers was directly connected to the portion of the shock with enough particle acceleration efficiency via the magnetic field line. We give a lower limit of the particle release time for STEREO A based on the TSA method. The particle release of STEREO A was later than the release of the particles at L1-observers. It may be due to the fact that the magnetic connectivity between STEREO A and the portion of the shock with enough particle acceleration efficiency occurred later.
Determining the arrival of EUV waves at the magnetic footpoints of the spacecraft is essential to test whether the EUV wave is responsible for the particle release. The EUV observations show that coronal holes and active regions influenced the propagation of the EUV wave, and no definite EUV wave arrived at the estimated magnetic footpoints of the spacecraft. We track the evolution of the EUV wave along the paths from the active region to the magnetic footpoints of L1-observers and STEREO A. It shows that the propagation of the EUV wave toward the magnetic footpoint of L1-observers was halted at about 18:35 -18 -UT. The EUV wave may be restrained by the coronal hole around the magnetic footpoint of L1-observers. The signature of the EUV wave toward the magnetic footpoint of STEREO A became diffuse and disappeared before the release of the particles at STEREO A. As a result, we do not obtain any definite evidence in the current case to support the argument that the particle release is accounted for by the arrival of the EUV wave at the magnetic footpoint of the spacecraft. This is consistent with previous studies of Gómez-Herrero et al.
( 2015) and Lario et al. (2014 Lario et al. ( , 2016 . However, we cannot exclude the possibility that EUV waves contribute to the particle releases in some cases. They may be able to explain the release of the first particles in those cases, but not the continuous releases which should be produced by the connection between the shock with enough particle acceleration efficiency and the observers.
The geometrical modeling of the shock gives the 3D shock structure and allows us to analyze its contact with the magnetic field lines of the spacecraft. Lario et al. (2016) suggest a relatively high altitude ( 2 R above the solar surface) for the height of the cobpoint when the particle were released. The fitting result in the current case gives relative lower and higher altitudes, i.e., a heliocentric height of 2.4±0.5 R for the L1 cobpoint when the particles were released and of 8.2±0.7 R for STEREO A cobpoint at the lower limit of the particle release time. The time when the magnetic field line of L1-observers initially connected to the shock was in good agreement with the release time of the particles observed at L1. In contrast, the release time of the particles at STEREO A was later than the time when the magnetic connectivity between STEREO A and the shock was first established. We suggest that STEREO A was first connected to a wave propagating backward toward the Sun via the magnetic field line, not the part of the shock with enough particle acceleration efficiency (Liu et al. 2017) .
Particle acceleration efficiency of the shock is correlated with the parameters including -19 -the density compression ratio, the angle between the shock normal and the upstream magnetic field, the Mach number and the position angle relative to the shock leading edge (e.g., Bemporad & Mancuso 2011; Kwon & Vourlidas 2017 , 2018 Lario et al. 2017a ). The fitting result shows θ Bn of ∼51
• and ∼31
• at the cobpoints of L1-observers and STEREO A when the particles were released. The Mach number evaluated by the empirical models gives a modest value of ∼1.5 for the cobpoints of both L1-observers and STEREO A at the particle release times. It is comparable to the critical Mach number provided by Edmiston & Kennel (1984) . We suggest that the particle acceleration efficiency of the portion of the shock connected to the spacecraft determines the release of energetic particles at the spacecraft. We confirm that the propagation of the EUV wave is affected by coronal holes and other active regions and it is not responsible for the particle release in our case. A possible role of particle perpendicular diffusion may contribute to the release of particles observed at the spacecraft, but this is beyond the scope of this paper.
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